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near the supzrcendfuctirg regien*
S. kohn, R.H., VWang, J. L. Smit*>, »nd C. Y. Fuanqg

Los Alarmes Scisntific Laberatory
Los Alercs, M 87545

I=STRACT

GGyEr)..yRiigBy exhibits supercercuctivity at scme critical
temperature Ty followed by the cnset of leng-range ferromagnetic
ordering at & lower tenperature a-f a loss cf supercenductivity for
¥ <Xo =0.28, vhere xo is the critical ccncentratien at which
supercenductivity is suppresse€. For x above x., the compound is ro
lcnger supercenducting hut is still rmagneticallv ordeied. Ve have
made &c resistivity R, ac magnretic susceptibility X, and dc
ragnetization measurements on sardles with x rear x.. For x=0.28,
tre salient features for the R and X measurerents are: (1) In zero
external field a sharp maximum irn the ac X/T) and a rinirum_in R(T)
aze observeG. With a swall exterrzl de magnetic field (~v10% oe),
tre extrera in X(T) and R(T) are <:=nressed ard steared considerably
with a corresponding shift in the terperatures at which the extrema
occur. (2) Tho sample is not suszrcorductirg devn to 0.6 K. (3) In
the presence cf a dc ragnetic field, a seccnd ac X peak appears at a
slightly higher temperature. (4) Tre field dependence of the ac
suvsceptibility resembles that of 2 spin gless. Deteils of the field
cdepercence of these observaticns z-¢ the neture of these phencnena
vill be preseonted.

PACS Numter: 74.70.Rv, 74.G3 +n



INTRCCSUCTICN

The study of corpeting wechanisrs between
ragnetic ordering ard supercenductivity hes been of
consicderable interest. Using an ec magnetic
susceptibility technigue, we have investiczted the
interaction between these two cppesing mechanisms
foc orcdering in the re-entrant megnstic
supercerductor GdyEry_.PhsBa. In trese
corpcunvls, the rare earth (RE) icns account for
rearly 11 at.$ of the tctal constituents and cccupy
regular lattice sites. Ileasurements of the
lovi-field ac susceptibility on these pseudo-ternary
compeurds for x batween C and 1 have revealed three
different ccncentration regimes. For x & 0.26, the
samples exhibit a high-ternperature superconcducting
phasie folloved by a low-terperature ferroragnetic
transiticn and loss of superconductivity. For x>
0.28, the saiples undergo cirect raramagnetic to
ferrcragnetic transition. A phase similar in
certain respects to that chkserved in spin-glass is
seen for x =0.28. The terperature-ccncentcation
phase diagram was reported elsewhare[l]. A
discussion on the nature of the re-entrant wagnetic
superconductivity in these cortpournds was recently
presented[2]. Here we would like to report our
results o ac susceptibility measurewents for
sarples with x=X. where %o is the critical
concentration at which the supercancducting
transition terperature To and the ferromagnretic
orcering temperature T, coircide. !any chsarved
features are similar toc the characteristics of a
spin-glass system.

EXPrRIMNINTEL RESULTS

The sartples were prepared follcwing the methcd
erployed by Fertig et 21.[3]. In order to irprove
herogeneity, our sarples were annealed at 1000°C for
30 cays. The samples were cut into rectangular
pieces approximately 1 rmx 1 mm x10 . The
susceptibility was measured at a Zrequencv of 400 Hz
and a érivirg field of tre order of 10 2 Oe.
Conventicrnal four terminal ac electrical resistance
measurements were alsc made. A



superconductirg solenoid provided the static

raegnetic field which was parallel to the ec field

and to the lcrg axis of the sumple. Due tc the

gecretry and crientation of the sample, the
leragnetization facter was reglicible and no
wrrection was mede for demagnetizing effects on the
:kta presented here.

In Fig. 1 we show the concentration dependence
of 'the superconducting an® ferrcrmagretic transition
temperatures, T and T, respectively, in zero
external field. For x >0,28 ferrcrmagretism prevails
at temperatures below Tp,. Upon decreasing GG
concentrations below x =0.26, these ccorpourds become
superconducting at T, followed by a ferromagnetic
transition at a lawer terperature T,. fThe
ferroragnetic transiticns of EtRhapy have heen
ccnfirmed by neutron scattering[4) and specific heat
measurements [3,5). Heat capacity data also confirm
the ferromagnetic transitions of
GAyEr1-yRhaBy for x = 0.0%, 0.28, ard 0.65
[5]. The dashed straight lire is the result of the
calculated Curie-tieiss vemcerature 8 based on the
mean-field theory[2]. Within experimental error
(*38), the 0 determined from magrnetization
measuraments agree with the values of the
irductively Catermined Ty, The arproxirately
lirear increase of Ty, with x suggests the T is
a neasure of the interzctions rizirly hetween the Cd
ions via the RKKY mechanism. For x££ 0.l the
superconcucting transition terperatuie T follous
the predicticn of the rbrikesov ard Corkov (AGC)
theory [6]. For x =0.23 the ferrcmagnetic exchange
interacticn corpetes with supercernductivity. An
enomalous phase with peculiar ac susceptikility and
resistivity behavior occurs near the critical
concentraticn.

In orcder to better understend these tvo
corpeting irteracticns between tvo given spins, we
bave measured the field cevendence of the ac
susceptibility ard resistance of
Gdg,28Erg,72PhaBs (Fig. 2). The salient
features are as gollcws: (1) In the absence of an
externally apolied static magnetic field; H, a
prorcunced maximum in the ac X(T) ord a rinimum in
R(T) are observed near 2.4K and 2.6K, respectively.



(2) With a small magnetic field (H =102 Qe), the
extrema in both X(7) and K(T) are depressed and
rounced with corresponding shifts in the
temperatures at which these extrera cccur. Vith
increasing fields, there is a displacement of the
temperature of the susceptibility peak (Tg)

towards lower temperatures, and a sccord siraller
susceptibility burp begins tc appear at increasingly
higher temperatures. The upward shift in the
tenperature of the second X peak manifests itself
better at higher fields than the field levels
showni, (2) The sample is not superconducting dovn
to 0.6K. (4) The change in the amplitude of the
susceptibility  Ax(T 2T, 1=0) is akcut an order

Of wagnitwie lafger then that ol ¢ coagarable plece
of leucd at its superconducting trarsition

( Axx = (4m)=1! The AX for the sample with
x=0.28 is only about two thirds of the value in the
pararagnetic to ferromagnetic tronsition of the
x=0.65 sample. The relative charge in X (T)
normalized to that of lead increases with increasing
G concentrations for x near Xs. Finally, (5),

the qualitative features of the X (T) curve are
independent of the direction of temperature
changes. However, there is marked bysterecis
£3.1K) in Tg with a higher Tg when the cample

is warmed than cduring ccolirg regerdless of the
field level,

In addition to the suscentibility data, recent
caloriretric studies of the heat cevacity C(T)
slawed that the anplitude of the C(T) anomaly near
To Cecreases by only about 10% from its field-free
value when an external field of 1 kOe was applied
[5]. There is neither a noticeable change in the

temperature at whaich the sharp peak in C(T) occurs
nor an observabl< broadening of the peak.

DISCUSSION

The temperature and Eield depencercics of the
magnetic susceptibility ir Gdg 2gErg, 72RhaB3a
exhibit striking similarities to that ohserved in a
spin glass. In the absence of an external field



E=0, we have a sharp peak in X(T) at To. Swall
external fields ( ~10-10< Ce) round the maxirum
in X arnd shift T, to lcwer temperatures., 1In a
spin glass the fielc hincders thre occurrence of the
's'pin glass transiticn and hence Cepresses the
freezing termperature,” Te. as shown in Fig. 2, a
field cf abcut 200 Ce can Cepress X by a factor of
about two even though the correspending magnetic
energy, HH, is less than 13 of tre characteristic
orcering erergy kpTn,. A similar ghenomencn wos
okserved in La-8d alloys by FinreTore et al. (8]
Within the experimental error {0.3Hg) the
effective megnetic moments per RE ion, pegg:
determined from static macnetizaticn measurements
egree with the values preéicted from Hund's rule by
taking the weighted sum of the grourd state Ga3+
and Er3t jons. With increasing G¢ concentrations,
both Bapr and the Curie-lieiss terperature increase
because of the growing importance of short range
magretic ordering. For values of x <Xe, a
paramagnetic *superconducting *ferrcragnetic
transition ooccurs. For x >x., these
pseudo-ternary compourds change from paramagnetic to
ferromagretic orcderirg directly without anv
intervening superconducting or spin glass-like
regima. For x neiar X, the ordering energies of
thz two opposiiy mechenisms present in the system
rearly balance esch other out. This rather delicate
balance results in the mixed regive lying hetween
the two limits. There might be two different
transitions very clcse to ezch otrer resulting in a
sharp peak of X(T) in w.x abcence of field. With
finite fields thre apperararc:: of the second
susceptibility bump at a terpzrature higher than
To may inply ¢ ferromagnetic transiticn.
Rocording to Verbeck et al. [9], in a system with
ceexisting ferromagnetism and spin class hehavior, a
simall applied field can separate the single peak
into two overlapoing responses for ferromagnetism
ard spin glass due to their oprosite field
cepencence. An external field is favcrable for
ferrcmagnetisn ard would enharce tre ferrcoracnetic
transition temperature, but it depresses the spin
glass freezing termpercture. Due to the small values
of the magretic fields erploved here,
superparamagnetism rather thran tre uvsual



ferrcmagnetisn may be responsible for the second
peak inX . Although the RT ions ere located on the
regular lattice, the relatively large corcentration
of G2 icns could form "clusters" which czn rotate as
a whole in a rocdest fleld. Trese clusters ray be
ferrcmagretically counled to form superpsramagretic
moments [101.

The large drop in &c resistarce at &
temparature higher than T, to less than half of
its asymptotic values at hich or icw terxreratures
suggests that the system atterpts to beccre
superconducting but the trensiticn is suppressed by
tre magnetic ordering. The enhanced corductivity
ray also ke cue to paraconductivity ard fluctuvations
may persist for T< T,. The ircraazse in the
temperature cf tihe resistive minirum seers to
ccrrespend to that of the secerd susceptibility
burp. In contrast to the usuel behavior of a
ferromagnet, the magnetoresistance of these samples
below T, increases with increasirg field for 04x4
0.28. The ratio of the normal resistance telow Ty
to that above T, increases rcroteonically and
aporcaches unity as x ircreasss from zero toward
0.28. Furtrermore, the reducticn in heat capacitv
C(T) with ircreasing field@ has alzo been observed in
other spin glass systems where ragnetic fields bleck
the formaticn of spin glass erd hence recduce
C(T) [11]. The estimated magretic contribution [5]
to the entropy near Tg of ahout 15 J/mole-K is
rearly equal to R 1n(2S+l) = R In 4 = 11.5. This
irplies that four electronic levels (two doublets)
of Er3* lje below w2X.

In sumary, the observed magretic field and
temperature cdependencies of the oc susceptibility
and the heat capacity for the re-entrant megnetic
superconductcr GA, Ery_4FasB4 near its
critical ccncantration of "X, =0.23 reserbie many
of the charecteristics of a spin glass system.
However, because of the fact that these eroralous
phecnmena take place near the critical terperature,
these pherorena might result fro- Cooper pair

lectuaticns. Undoubtedly mere work is needed to
further characterize the nature of this intriquing
phase.
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